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Abstract
Technological research and development are among the most frequently advocated strategies
for adapting agriculture to possible future changes in climate. However, while many statements
point to the reliance that is placed on technology, and to the power of induced innovation,
the actual process of agricultural research and development has received little explicit consider-
ation in the context of climatic constraints on food production. This paper offers both a descrip-
tive assessment and empirical analysis of the place of technology research and development
in climate adaptation research and planning. Insights into the assumed role of technology are
developed through a review of the published literature and recent commentary. The role of
technological innovation in the handling of climatic risks is then explored empirically in an
analysis of innovation research and development in the Ontario soybean industry. This reveals
an array of technological innovations that have helped Ontario soybean-growers manage cli-
matic challenges to date, as well as a range of potential constraints on the innovation process
itself.  2001 Elsevier Science Ltd. All rights reserved.
Keywords: Adaptation; Agricultural research; Climate change; Soybean cultivation; Technology inno-
vation
Introduction
The prospect of a changing and increasingly uncertain climate is seen by some
as a potentially serious challenge to the viability of farming systems and food pro-
duction in North America and elsewhere (Rosenzweig & Parry, 1994; Bazzaz &
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Sombroek, 1996). In particular, there is a growing concern about the ability of far-
mers and institutions to cope with and respond to the threats and opportunities that
an altered climate may bring. As a result, the concept of adaptation has now emerged
as an important theme in research and strategic planning dealing with the agricultural
implications of climatic variability and change (Carter, Parry, Harasawa, & Nishioka,
1994; Smit, Burton, Klein, & Wandel, 2000).
Within the climate and agriculture adaptation research community, there is interest
in a diverse set of adaptation questions. Efforts are being made to understand better
the attributes of agriculture that are most sensitive to climate, the types and combi-
nations of climatic events that are most problematic for farming, the nature of farmer
responses to climatic risk and uncertainty, and the role of other forces as mediating
factors in shaping these responses (Lewandrowski & Brazee, 1992; Chiotti, Johnston,
Smit, & Ebel, 1997; Bryant et al., 2000). These basic research questions also sur-
round a more tangible need expressed by practitioners and planners – a need for
information on adaptation strategies themselves, both those that exist now and those
for which innovation is required.
In agriculture, among the most frequently advocated strategies for climate adap-
tation is technology research and development (Houghton, Jenkins, & Ephrams,
1990; Rosenberg, 1992). Recent statements from both the climate impacts research
community and certain farm commodity groups suggest that, for some, there is a
strong and abiding faith in the ability of technology to continue to provide farmers
with the needed strategic and tactical options for handling future weather-related
uncertainties. The implicit belief is that such advances will flow when needed. Such
views are understandable, given many well-documented examples of induced inno-
vation in agriculture, where progress in basic research and technology development
has been linked to economic and social stimuli (Hayami & Ruttan, 1985).
However, an alternative view holds that the capacity, and possibly the agenda, for
future innovation is uncertain, and that exclusive reliance on technology to ‘carry
the day’ by delivering the means for handling future climatic stresses is unwise, and
perhaps even dangerous. Whether this faith in human ingenuity and the capacity of
science is well placed or not, there is a more basic question for climate adaptation
research and planning. As the role of technology continues to become more ingrained
in strategic thinking about climate adaptation in agriculture, there is a need to under-
stand better the role that it has played, and might yet play, in providing the means
for handling weather-related risks in food production systems.
There is a need for two types of knowledge. First, basic insights are needed into
the nature of agricultural innovations that have been induced by climate. Easterling
(1996) has argued that one way of drawing informed conclusions about the prospects
for meeting future challenges would be retrospective empirical analyses to shed light
on the degree to which climatic limitations on food production have been overcome.
Second, and perhaps more critically for adaptation planning purposes, there is a need
for better understanding of technology research and development as a scientific and
economic endeavour embedded in legal and institutional structures and driven by
myriad forces. These factors may well mediate the inducement for innovation that
climate may provide.
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This paper explores, both conceptually and empirically, the place of technology
research and development in agricultural adaptation to climatic change. It is
presented in three parts. First, it explores the nature of agri-technological innovation
in the climate adaptation theatre generally through a brief review of the literature
and recent published statements. Next, it advances a simple conceptual framework,
drawing together insights from the review and situating technology research and
development within the broader context of agricultural adaptation to climatic change.
Finally, the paper explores the climate-innovation connection empirically by analys-
ing agricultural technology innovation and climate in Ontario, Canada. An analysis
of existing and potential technological innovations designed to alleviate climatic risks
and constraints to soybean production in the Ontario agricultural system documents
climate-related innovations and seeks to ascertain the importance of various insti-
tutional and economic influences on technology innovation in the soybean industry.
Technology, agricultural development and climate adaptation
Technology innovation represents not only an important facet of the climate adap-
tation issue in agriculture but also lies at the core of agricultural growth and develop-
ment more generally (Crosson, 1983). The profound effects of research and techno-
logical development on crop and animal productivity in both the developed and
developing world are unquestionable and well documented elsewhere (USDA, 1990;
Reilly & Fuglie, 1998). As for the technology innovation process itself, it has been
suggested that many previous inducements for innovation, such as commodity pric-
ing and energy costs, may ultimately coexist alongside environmental imperatives
such as those associated with climatic change. It is argued that these new needs,
along with steady investments from both the private and public sectors, should guide
future agricultural research and development (Ruttan, 1996). Whether or not these
environmental imperatives will be sufficient to influence either research investment
or any future scientific agenda is far less certain.
In this section our task is more basic: to understand better the ways in which
previous technological innovations have provided farmers with the means to respond
to climatic limits and possibilities, and the manner in which agricultural technology
innovation has been portrayed in commentary and accommodated in research relating
to climatic change. The following brief review is organized around these specific
interests.
Technology and the management of current climatic risks in agriculture
Climate is among the most obvious sources of environmental risk in farming sys-
tems, and the development of technologies to assist farmers in managing the vagaries
of weather has been an important, if not dominant, focus of agricultural research
over the past several decades. While specific weather-related limitations on crop-
based agriculture vary between climatic regions, in the temperate climate of most
of North America it is generally held that the most important climatic resources
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are moisture, heat and sunlight (Edwards, Grove, Harwood, & Pierce-Colfer, 1993).
Accordingly, a variety of technological innovations have been developed to better
accommodate farming to spatial variations in these attributes of climate. For reasons
of brevity, we identify two basic types of technological options – mechanical and
biological – with an emphasis on the latter.
While limited in number, certain mechanical innovations can be associated with
managing climatic variations. Among the most obvious are irrigation technologies
that have delivered needed water for plants and animals in moisture-deficient zones
throughout North America, especially in the US midwest (Glantz & Ausubel, 1988)
and in the southern portion of Alberta and Saskatchewan in western Canada
(Klassen & Gilpen, 1998). The development of effective irrigation systems, parti-
cularly so-called ‘drip’ systems, has facilitated both more intensive agricultural
activity and a broader range of activities than local climatic resources would other-
wise permit. However, pressure on subsurface water supplies, and the prospect of
outright depletion, now pose significant threats to the sustainability of current farm-
ing practices in many such regions (Nellis, 1987; White, 1994).
A second, and increasingly more widely used, mechanical innovation with moist-
ure-related benefits is conservation tillage. Recent improvements in alternative tillage
systems, along with associated planting and harvesting technologies, have facilitated
greater usage of reduced tillage systems throughout North America. In addition to
soil conservation benefits, these systems reduce the number of field operations that
expose soil to evaporation while leaving a vegetation cover that further retards moist-
ure loss (Rosenberg, 1981; Dumanski, Coote, Luciuk, & Lok, 1986). On the other
side of the moisture equation, the development of integrated drainage systems and
field drainage technologies has enabled farmers to cope with excess moisture during
the growing season, and especially during harvest, when field activities are con-
strained by the presence of standing water (Spaling, 1995).
Mechanical technologies such as these are expensive and often of limited value.
In contrast, much evidence exists to support the contributions of research in the
biological sciences to modifying the climatic requirements of crop plants and to
adapting cropping systems to a wider range of climatic regions and ‘average’ grow-
ing-season conditions. This is most clearly reflected in the development of hybrids
for many major field crops, thus permitting their introduction and/or expansion into
regions where climate had previously been a limiting factor. Joseph and Keddie
(1981), tracing the expansion of grain corn through the Southern Ontario agriculture
system in the 1960s and 1970s, attributed its steady spread from a comparatively
warmer to a cooler region to the availability of new lower-heat-unit grain corn var-
ieties. The success, and eventual dominance, of this crop at the provincial level was
further aided by subsequent refinements in the heat specificity of available hybrids,
permitting farmers to opt for varieties very closely adapted to average (and therefore
expected) temperature regimes in their particular production regions. Similarly, in
southern Alberta, a perceived over-dependence on wheat in the southern Canadian
prairies led Major, Morrison, Blackshaw, and Roth (1991) to develop a corn (maize)
hybrid adapted for local conditions. Workers at the Lethbridge Agricultural Research
Station developed a corn hybrid that was tolerant of the long photoperiod (daylight
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hours) and low heat unit availability of the region. This provided producers with an
alternative crop and the ability to spread risk through diversification.
The point here is not to chronicle an exhaustive range of climate-related agricul-
tural innovations. However, even these limited examples illustrate how agricultural
research and development have played an important role in both the development
of agricultural systems and in extending many forms of agriculture into climatic
zones where they were once not economically viable.
Before turning attention to the issue of climate change, however, two further obser-
vations are warranted. The first concerns research design. As indicated above, critical
innovations in plant-breeding technology have focused on extending the spatial range
of many field crops by altering their total climatic requirements, as reflected in the
average conditions that prevail in those regions. A significantly different challenge,
and one for which there is somewhat less evidence of progress, is the development
of broadly adapted species that are tolerant of interannual variations. This distinction
is important, for it is these deviations from so-called normal conditions that may
well define the experience of climate change (Smit, Burton, Klein, & Street, 1999).
Second, as is evident from the examples cited, many technologies, climate-related
or otherwise, are attainable only for farmers in the developed world, where financial
resources and institutional support enable them to employ innovations. While this
‘north/south’ issue is not dealt with in detail here, we acknowledge the critical impor-
tance of understanding not only the technological possibilities available for climate
adaptation in agriculture, but also the cultural, economic and institutional circum-
stances that largely determine farmers’ access to innovations.
The place of technological innovation in climate adaptation
The role of agricultural research and development in climate adaptation is reflected
in academic and public discourse, and in research concerned explicitly with the agri-
cultural implications of climatic change. Some consideration of this evidence serves
to elaborate the importance of technology in current thinking about climate adap-
tation in farming, and demonstrates the way in which the prospect for technological
innovation has influenced agricultural adaptation scholarship.
Discourse and commentary
Agricultural research will probably yield many new technologies for expanding
food production while preserving land, water and genetic diversity. The real trick
will be getting farmers to use them. (Crosson & Rosenberg, 1989: 128)
Although not written explicitly in the context of climate adaptation in agriculture,
the article in a special edition of the popular magazine Scientific American from
which this quotation was taken argued persuasively for the ability of agricultural
research and development to meet the challenges of global change by supplying the
innovations needed to sustain food production systems in the future. It suggested
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that the ‘problem’ lay not so much in the ability to develop solutions, but in farmers’
ability to adopt them.
Such confidence is also common in commentary dealing with the prospects for
agricultural adaptation to climatic change. Commonly, distinctions are made between
innovations that are available now (and merely require modifications for local
conditions) and those that are not yet available but are believed to be needed (e.g.
Rosenberg & Crosson, 1991; Kaiser, Riha, Wilks, & Sampath, 1993). A useful by-
product of this distinction has been the collation of information on known techno-
logies with potential benefits for climate adaptation (e.g. Council for Agricultural
Science and Technology, 1992; Smit, 1993; Brklacich, McNabb, Bryant, & Duman-
ski, 1997).
With respect to innovations that have not yet appeared, further distinctions are
made between possible advances based on current knowledge and conventional tech-
nology (work now in the pipeline) and progress rooted in new advances in basic
science, especially microbiology and biochemistry. In the case of the latter, there
has been considerable interest in the potential of biotechnology, and the biotechnol-
ogy industry, to yield so-called ‘designer cultivars’ for coping with specific drought,
heat, insect and disease problems much more rapidly than is possible today
(Goodman, Hauptli, Crossway, & Knauf, 1987; Day, 1995; Spedding, 1996). In both
cases, it is noteworthy that most published statements are centred more on specifying
the new types of needs that will be generated by climatic change than on any detailed
analysis of the scientific and institutional obstacles to developing specific inno-
vations. It is unlikely that these impediments are not recognized; merely that they
are assumed to be surmountable, based on a long history of successes in agricultural
research and development.
Agricultural adaptation research
Analysis of a rapidly expanding literature on agricultural adaptation to climatic
variability and change reveals significant diversity in the way in which technology
has figured in the research (for a more detailed review of agricultural adaptation
research see Chiotti & Johnston, 1995; or Easterling, 1996). For present purposes,
three genres of adaptation research are identified: historical analysis, integrated
numerical analysis, and conceptual modelling (with behavioural testing).
In the case of historical assessments, it is believed that lessons can be gleaned
from knowledge of how earlier agricultural systems dealt with either the need or the
opportunity for change (Warrick, 1980; Glantz, 1991). While such assessments have
not frequently sought to highlight the role of technology innovation specifically,
several analyses have demonstrated its fundamental role as either a causal or con-
tributing factor in agricultural change. Various examples of this phenomenon have
already been cited above, but in addition Rosenberg’s (1982) analysis of the expan-
sion of hard red winter wheat in central North America is worth noting. In this
instance, and in many others, regional agricultural change was based largely on the
emergence of new crop varieties, which became widely available for introduction
into previously unsuitable climatic regions.
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Integrated numerical modelling approaches have enjoyed their greatest use in
efforts to quantify the impacts of specified climatic changes on agricultural activities
and regions (e.g. Parry & Carter, 1988; Rosenberg et al., 1993). Such analyses typi-
cally involve formally linking biological process models with farm economic models
and regional input–output models to produce estimates of the effects of specified
climatic changes (usually changes in average conditions) on farm profitability,
regional food production, and national and international economic performance.
Their relevance for technology innovation is based on the introduction of selected
technological adaptations, either known or anticipated, into the modelling structure,
and subsequent analysis of the potential impacts of different adaptation scenarios via
sensitivity analysis (e.g. Brklacich & Smit, 1992; Easterling, Rosenberg, McKen-
ney, & Jones, 1992; Kaiser et al., 1993; Rosenzweig & Parry, 1994). These analyses
incorporate informed speculation on technology into quantitative estimates of pro-
ductivity and economic impacts of specified climatic changes. The central place of
technology in such analyses is clear.
The third body of scholarship is associated with an attempt to extend the know-
ledge available from such integrated numerical assessments. Here, a variety of con-
ceptual frameworks have been proposed to link agricultural adaptation more directly
to emerging scholarship in human–environment relations and climate adaptation (e.g.
Chiotti et al., 1997; Smithers & Smit, 1997a). Such conceptualizations have been
used to expand the nature of certain adaptation questions in agriculture, and to relax
various assumptions inherent in the modelling work. For example, while much
numerical modelling work has focused on average temperature and heat conditions
as a basis for estimation of impacts, there is now emerging a wider set of questions
concerning the attributes of climate change that are most critical for farm decision-
making (e.g. the severity and frequency of occurrences). Similarly, there is more
focused attention on the importance of other stresses that are simultaneously affecting
agricultural systems. Clearly, technological innovation represents only one of these
forces. Policy reform and economic restructuring, for example, represent equally
significant forces in agriculture, and are beginning to be factored into an expanded
appreciation of the process and prospects for adaptation. Empirical testing of these
notions is in it early stages but two broad approaches are evident. Behavioural
research has explored farmer perceptions of risk and related farm management
decisions – including those related to the use of selected technologies (Schweger &
Hooey, 1991; Blain, Keddie, & Smit, 1995; Brklacich et al., 1997; Smit, Blain, &
Keddie, 1997). A second strategy involves aggregate-level analysis of change over
periods of known variability and change in weather and other influential factors in
agriculture (Smithers & Smit, 1997a). However, with specific reference to techno-
logical innovation, the insights are limited, not simply because of the limited number
of analyses to date, but also because little explicit attention has been given to the
role of technology in handling climatic risks.
Agricultural innovation and climate adaptation: a conceptual framework
It is clear that innovation has played, and will continue to play, an important role
in the development of agriculture and in climate adaptation planning. Based on the
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logic of such analytic devices as signal–response and pressure–state–response, the
expectation is that the signal of climate will be received, accepted and accommodated
in agricultural research geared towards the development of strategies for agricultural
adaptation. Yet climate represents only one stimulus for agricultural technology
research. Indeed, the process of innovation, like agriculture itself, is subject to a
variety of influences, both internal and external, and is embedded in legal, insti-
tutional and economic circumstances that mediate research priorities and constrain
avenues for action. Evidence of the importance of these factors is seen in the growing
concern for the influence of institutions and institutional arrangements on the avail-
ability and affordability of new technologies (Linstone, 1997). Thus the basic ques-
tion of ‘What can be done?’ should be set alongside the question ‘what will be
done?’ in technology research and development. And beyond the issue of innovation
lies the reality of on-the-ground adaptation through agricultural extension and farmer
adoption of specified strategies. Taken together, these elements form a basis for a
preliminary conceptual understanding of the place of technology innovation in agri-
cultural adaptation, and point at a variety of issues amenable to empirical investi-
gation. The main elements are shown in Fig. 1.
Agricultural operations are subject to a variety of forces of change. Both individual
farms and regional agricultural systems are influenced by biophysical conditions,
including climate, soil resources and biological phenomena such as pests and diseases
(many of which are related to climatic conditions and prior management). In the
case of climate, there is interest in both the status of certain basic parameters (average
heat and moisture) over entire growing seasons, and also in the vagaries of climate
(for example the magnitude and/or frequency of deviations from so-called average
conditions).
Four non-climatic forces of change are also specified in Fig. 1. The actions of
government and related institutions represent a long-recognized influence on the nat-
ure and economic performance of farming. Similarly, economic conditions in both
the macro and meso environment influence the financial health of the farm sector
and signal opportunities or constraints for farm decision-making. Changing consumer
demands and preferences relate to such social phenomena as population increase,
improvements in disposable income and shifting values concerning food safety,
environmental quality and social welfare. Finally, agricultural science (represented
by technology in Fig. 1) acts as a key influence on agriculture and an impetus for
change.
These same forces also act as a set of incentives for, and controls on, technology
innovation as an intellectual and economic endeavour. In the case of climate adap-
tation, messages associated with climatic variability and change (as reflected in cur-
rent losses and projected future vulnerability in farming) are mixed with many other
types of signals – economic, social and institutional. Hence, in climate adaptation
planning, it is important to understand the relative importance of climate-related
matters in technology innovation in the light of the influence of various other
research-agenda-setting factors in the food production sector and in society.
Additionally, the importance of climatic versus other incentives for innovation may
not be interpreted in similar ways across the various constituencies in the research
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Fig. 1. Technology innovation and climate adaptation in agriculture.
community itself. Here attention centres on the actors in research and development.
In Canada, as elsewhere, these include researchers in public-sector agricultural
research, in private business and in the universities.
The third component of the framework concerns the outcome of the innovation
process. Drawing on recent frameworks of climate adaptation (e.g. Smithers & Smit,
1997b; Smit et al., 2000), and earlier work on natural hazards (Burton, Kates, &
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White, 1993), distinctions are made in the nature of agricultural adaptation strategies
that evolve from research, and from various other sources. These may be differen-
tiated according to the form they take (e.g. technological versus behavioural), the
purpose for which they are undertaken (to sustain current activities or to develop
new ones), their temporal characteristics (anticipatory vs reactive; long term vs short
term), and their scale of use (site-specific vs widespread application). While the
particular focus in this paper is on those strategies associated with technological
innovation, a commonly stated preference in adaptation planning is for the avail-
ability of multiple options in a portfolio of adaptation strategies.
Finally, beyond the challenge of developing effective strategies for adaptation lies
the further challenge of technology transfer. This critical element of adaptation planning
is incorporated in Fig. 1 through reference to farm-level decision-making, the process
of innovation adoption, the role of farmer knowledge in ‘adapting’ technologies to local
conditions, and the necessity of feedback from producers themselves as knowledge
inputs for planning and further innovation. While set apart from the ‘process’ of inno-
vation, the acceptance and implementation of new practices at the farm level is a funda-
mental element of technology-related climate adaptation in agriculture.
Although this simple framework is largely consistent with several other similar
devices, its distinctiveness lies in the attempt to highlight both the central place and
the dynamic nature of research and technology innovation as a source of climate
adaptation strategies for farming. The research and development process represents
a scientific and economic venture that is constrained by knowledge and guided by
myriad forces and agendas, some of which may be conducive to the development
of climate adaptation strategies, while others may not. Though not intended as a
research model per se, the framework points to some important information needs
for climate adaptation planning in agriculture as it relates to the potential of techno-
logical innovation. As suggested at the outset, one set of insights can come from
looking back at the way that technology innovation has supplied climate-related inno-
vations in selected production systems: ‘what attributes of climate have been
addressed?, in what fashion?, how successfully?’. A different set of insights comes
from examining the process and context for innovation. Here the interest is in know-
ing what is theoretically possible vis-a`-vis technology innovation and climate adap-
tation, and in identifying the circumstances that may thwart the delivery of timely
and effective technologies for climate adaptation in agriculture.
Technology innovations for managing climatic risks in soybean production in
Ontario
The remainder of the paper reports on an empirical analysis of technological inno-
vation in the Ontario soybean industry. Drawing on the information needs noted
above, the broad aim of the analysis was to identify climatic risks to production and
assess the role of technological innovation in managing climate-related risks with
reference to both past research accomplishments and future innovation trajectories.
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Research strategy
The research strategy involved a series of consultations with key informants from
the Ontario soybean research community. Interviews were organized around three
broad themes. In the first instance, participants were asked to identify and elaborate
the main climate and climate-related risks to soybean production in Ontario. Second,
these experts were asked to recount (by decade) key production innovations over a
28-year study period (1970 to 1998), and indicate the factors or circumstances that
led to the development of these innovations. Subsequently, efforts were made to
identify those innovations that possessed either a direct link to climate (e.g. improved
drought tolerance) or an indirect link, often through pest and disease vectors. Where
possible, in both the inventory of innovations and the exploration of climate linkages,
insights provided by study participants were verified and/or elaborated with infor-
mation from a variety of available industry and government publications. Third, the
interviews explored, in more open-ended fashion, current priorities in soybean breed-
ing, the manner in which research priorities are established, the specific importance
of climate and related issues in soybean research and development, and the various
factors influencing both the nature and the pace of innovation.
Given the possibility of differing perspectives and agendas between specific
research cultures, participants were drawn from each of the three main actor groups
involved in soybean research in Ontario: government research institutes, private
enterprise, and universities. While it was possible to identify government and univer-
sity-based researchers from readily available listings of research projects and parti-
cipants, it was somewhat more difficult to identify and locate the more disparate
group of researchers in the private sector. However, this portion of the research
frame was eventually developed from industry publications, namely the Soybean
Variety Distributors Listing (Ontario Soybean Growers’ Marketing Board, 1998) and
the Canadian Soyfoods Directory. The distributors listing included 22 companies,
all of whom were contacted by telephone to determine their suitability for and interest
in the study. The key informant group eventually included 21 participants drawn
from the public, private and university sectors.
Soybean innovation in Ontario, 1970–present: meeting the climate challenge
While soybeans were cultivated in Ontario throughout the 20th century, they did
not become a prominent field crop (in either acreage or economic terms) until the
1970s. The annual reports of the Ontario Soybean Growers’ Marketing Board (1988–
99) document how the crop has become an increasingly important part of the provin-
cial agricultural scene since then. By 1995 it had displaced grain corn as the most
widely grown field crop in Ontario. Between 1970 and 1997, total acreage planted
to soybeans in Ontario increased from 350 000 to 2 250 000. The diffusion and
growth of the soybean sector over this period has been due to both strong price
signals from the market (as reflected in commodity prices for soybeans relative to
competing crops such as wheat and corn), and to a series of interrelated technological
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innovations. Among these are several developments relating to the challenges of cli-
mate.
Climatic constraints on soybean production
The research revealed that soybean production is sensitive to both direct and
indirect climatic influences, and that both types of effects have been reflected in
soybean research since the 1970s in Ontario. Direct influences include heat and
moisture availability as primary climatic inputs for plant growth, and the occurrence
of severe events such as hail or wind as potential sources of crop damage. Accumu-
lated heat over the growing season governs the onset of various stages of plant
development, insufficient accumulated heat over the growing season retarding plant
development and reducing yield. Soil moisture via rainfall or irrigation (over-
whelmingly the former in Ontario) serves as a transport medium for the uptake of
nutrients, and as a basic resource for plant development. Seed germination is depen-
dent on plant moisture content and is sensitive to deficit conditions, while germi-
nation and root development may be inhibited by excess moisture conditions (da
Mota, 1978). The effects of variations in heat and moisture conditions (especially
deficits) are also reflected in other plant characteristics. Plant lodging (the ability of
plants to stand erect) and plant vigour (the ability to germinate reliably) were cited
as examples of plant characteristics that were directly influenced by moisture and
heat conditions in the growing season. Poor performance in either of these basic plant
characteristics results in a lower-yielding plant, a difficult harvest and, ultimately,
diminished soybean production at the provincial level.
In contrast, indirect climatic effects are felt through other biological phenomena
that, in turn, influence soybean health. Collectively, respondents indicated that moist-
ure conditions were especially implicated in a variety of disease and pest-related
threats to soybean growth and vitality. Excessive moisture is associated with such
common diseases as sclerotinia (white mould), phytophthora (root rot) and brown
stem rot. In contrast, the parasite soybean cyst nematode was associated with hot,
dry conditions. Both these situations thus pose environmental risks to soybean pro-
duction in Ontario and are clearly related to the influence of climate.
These observations from expert soybean breeders and published reports provide
at least a partial inventory of climatic stresses on soybean agriculture in Ontario.
More importantly, they set out what participants in soybean research and develop-
ment in Ontario perceive to be the major climatic risks to soybean production, and
hence the major climate-related challenges for innovation.
Documenting innovations
The key informants were asked to identify specific innovations, introduced in
Ontario during the study period, which related either directly or indirectly to climate.
This collective inventory was then verified and supplemented with information
obtained in both industry and research publications (e.g. Beversdorf, Buzzell,
Ablett, & Voldeng, 1995). The findings confirm that there have indeed been a variety
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of notable innovations dealing with both direct and indirect climatic influences. Table
1 provides a summary of the more noteworthy innovations identified the research,
and also identifies and characterizes the climatic stimuli to which the innovation
relates.
In the case of direct climatic constraints, a fundamental limitation on soybean
production in the Ontario at the beginning of the study period was cold night tem-
perature at flowering. This was largely responsible for confining the crop to the
extreme southwestern portion of the province during this time. However, the intro-
duction of Swedish cold-tolerance genetic material from the variety Fiskeby63 led
to the development of the Ontario cultivar Maple Arrow in 1978, which included
the cold-tolerance trait. Key informants from the government research unit respon-
sible for this important innovation suggested that it played a vital role in the eventual
Table 1
Climate-related innovation in soybean cultivation
Climatic Stress Impact (direct/indirect) Manifestation Innovation
Cool night temperatures Direct (while flowering) Constrained acreage Introduction of cold
tolerance
Inadequate heat Direct Constrained acreage Lower heat unit varieties
Heat, moisture Direct Lodging (measure of Interaction between
plant erectness) and pod plant architecture/
distance from ground, genetics, spacing and
impacts yield heat/moisture availability
Temperature and Direct (at seeding) Vigour (germination Breed for early plants
moisture reliability) tolerant of cooler
temperatures at planting
Excess moisture/cool Indirect (infection Increased phytophthora Phytophthora-resistant
temperatures primarily before pod set) (root rot disease), results varieties, use fungicides
in decreased yield at planting
Drought/excess moisture Indirect Brown Stem Rot causes Crop rotation, resistant
yield decrease of 15– varieties
30%
Cool, wet conditions Indirect Sudden Death Late planting, SCN-
Syndrome, decreased resistant varieties as
yield of 10–70% SDS associated with
SCN fields
High humidity and Indirect (enters at White Mold (Sclerotinia Improved plant
rainfall, cool flowering) Stem Rot) standability, crop
temperatures rotation with plants that
are not susceptible
Dry conditions Indirect Soybean Cyst Nematode, Avoid spreading via
dry = more susceptible machinery, resistant
to SCN varieties, crop rotation
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eastward spread of the soybean crop, a contention also supported by other respon-
dents.
A related innovation, developed in response to direct climatic stimulus, was the
introduction of a number of plant varieties with lower heat unit requirements (i.e. a
lower requirement for accumulated growing season heat), thus extending the geo-
graphic range of potential soybean production into cooler regions. It thus became
possible to classify soybean varieties by heat unit ratings and photoperiod (day
length) requirements, and then supply varieties recommended for specific zones
within Ontario’s southwest–southeast heat gradient. This innovation offered a means
of accommodating spatial variation in average heat conditions in Ontario, but not
‘within-zone’ seasonal variability in accumulated heat. Hence, while the potential
for production was increased in areal terms, the sensitivity to seasonal variations in
heat still remains.
Two further ‘climate-direct’ breeding innovations concern efforts to improve
soybean plant lodging and vigour. Respondents cited the development of the varieties
bred for improved lodging and vigour as important contributions in enhancing crop
performance and reliability in the Ontario production region.
With respect to indirect climatic influences and the development of soybean inno-
vations, revealed accomplishments included enhanced disease resistance through bet-
ter-adapted varieties and improved management techniques. Among a variety of dis-
ease types identified, respondents emphasized efforts to develop resistance to
phytophthora (root rot) disease. This resistance has evolved progressively since the
1970s and is now present in the popular varieties Harlon, Harcor and Maple Elgin.
In addition to concerted effort against root rot, breeding programmes have also tar-
geted the diseases brown stem rot, sudden death syndrome and sclerotinia to provide
varieties that are relatively more resistant to infection.
Finally, technology innovations for soybean production were not found to be lim-
ited to plant breeding alone. The research revealed a variety of management tech-
niques developed to help control the incidence of all these diseases, including
improved use of crop rotation as a strategy for interrupting pest cycles, and modifi-
cation in the timing of planting.
The findings from this retrospective component of the analysis suggest that cli-
matic challenges have indeed been well represented in soybean innovation in Ontario.
Two observations can be made concerning these research results. First, the spectrum
of innovations prompted by climatic conditions is broader than might first be
imagined. While attention to the limiting effects of heat and moisture was to be
expected, the findings revealed a wider set of challenges and innovations with a
climate connection. Second, the focus of innovation has been on the development
of varieties adapted to specific climatic conditions based on geography and local
average conditions. Varieties identified by key informants were bred for specific
heat-range units and grown in narrow areas based on soil type and disease profiles
of particular regions. Thus, the findings point to several accomplishments in negotiat-
ing the spatial variability of climate – especially heat. Evidence of progress toward
more broadly based adaptability for interannual variations in weather conditions was
not apparent in the analysis.
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Limitations and constraints: a context for future innovation
The third and final component of the analysis dealt with contemporary challenges
and constraints in soybean research and development, especially as they relate to
work that deals, or might deal, with climatic variability and change. A variety of
important challenges were identified concerning the technical processes and con-
straints for crop breeding. In particular, certain aspects of plant physiology, and
various dimensions of the research and development process, either limit or preclude
prospects for modifying soybean varieties to further alter their sensitivity to climatic
conditions. Other challenges and potential impediments relate to economic, legal,
institutional and market-related incentives (or their absence). A distinction is made
here between those challenges that are science- or knowledge-based and those that
relate more to the structures and institutions within which innovation occurs.
Plant physiology constraints
The key informant group identified what they perceived to be a fundamental set
of constraints on the development and delivery of climate-adapted soybeans. These
were expressed in terms of the time lines and research protocols in plant-breeding
research, and relate ultimately to basic issues of plant physiology.
Experts indicated that, based on present best breeding practices, the length of time
needed to develop consistent genetic material in a variety is a minimum of eight
years from the point where a need for innovation is identified to the time when seed
is available to the farmer. During this period, successive generations of the new
species are subjected to a variety of test conditions and compared for performance
against so-called check varieties. While some believed it was possible, in theory, to
shorten the breeding time frame (by two or more years), a caution was noted concern-
ing the longer-term implications of reducing plant exposure to climatic conditions
in a test region. Several breeders argued that compression of the time frame for in
situ testing reduced the ability to observe performance over the widest possible range
of climatic conditions, and therefore increased the possibility of surprise once the
variety was released to the market.
In addition to the time lines for innovation, several plant breeders identified chal-
lenges related to the ability to isolate climatic attributes in new and existing plant
varieties. While the option of transferring desirable traits from one variety to another
is widely (and somewhat intuitively) regarded as an attractive option in plant
research, it was suggested that the way in which traits are linked to one another
can make this process difficult and lengthy. Climatic traits, while often genetically
identifiable, are frequently ‘bundled’ with other traits, making it difficult or imposs-
ible to move specific genetic characteristics without introducing others as well. Spe-
cific difficulties arise when genetic traits desired in one production region are linked
with other characteristics that are inappropriate or unwanted (for example, one
respondent identified the recently discovered linkage between grey pubescence and
drought resistance). It was generally agreed that research to determine how genetic
traits are bundled together is currently limited and will span years to decades, further
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complicating the prospects for certain seemingly fruitful avenues for climate-
related innovation.
Finally, researchers were asked to indicate the manner in which specific climatic
characteristics and conditions were, or could be, included in the plant breeding pro-
cess. Two basic options were identified by the group: (1) strategically expose plants
to a set of chosen conditions, and (2) expose test varieties to natural variability over
time in the intended production region. The former strategy was reported as being
common in research for pest and disease resistance, development varieties being
deliberately exposed to various stresses, while the latter was cited as the favoured
approach for testing vulnerability to climatic stresses.
Economic influences and constraints
Beyond various science-based hurdles to the development of climate-adapted
soybeans, several other challenges are associated with soybean research and develop-
ment in Ontario, including economic, institutional, legal and market-related factors
that constrain the research and development process, and thus influence prospects
for climate adaptation (Table 2).
Respondents indicated that various economic barriers serve to limit the range of
options that breeders can realistically consider. It was suggested that breeding pro-
grammes in the 1970s and into the 1980s, prior to the full advent of biotechnology
as a research field, had been relatively inexpensive but that costs are increasing
rapidly. While it was widely held that all research undertakings, past and present,
needed to be justified to a degree with a view to generating returns for the research
centre, this pressure was especially keenly felt by private breeders. Public soybean
breeders also noted the changing economic circumstances of their activities in the
face of increasingly scarce public-sector research funding and the growing necessity
Table 2
Factors limiting consideration of climate
Economic
• High cost of research
• Emphasis on profit versus curiosity-based research
• Increased domination of private breeders
Ownership of intellectual property




• Risk of developing broadly adapted varieties
Competing market needs
• Food and non-food niche market products
• Development of new technologies
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of industry alliances. For some, these pressures, coupled with the vastly increased
costs associated with biotechnological breeding programmes, seem to foreshadow
certain economic survival strategies in public-sector research. These may involve
selling off marketing rights or entering into formal, and potentially limiting, partner-
ships with private researchers.
The prospect of an increasingly tight economic climate for soybean technology
research and development was thought to have implications for climate adaptation
innovation. A number of participants advanced the notion that such economic con-
straints might limit near-term research and development to issues orientated more to
productivity enhancements (and thus improved economic benefits) than to a longer-
term interest in strategies for adapting to future climatic changes which, for many,
are unproven, uncertain, and off the horizon.
While the view expressed above was broadly held by the whole key informant
group, the research delved somewhat more deeply into the potential significance of
sectoral affiliation (public and private). Several of the public-sector researchers,
including those in academic settings, pointed to a historical commitment in govern-
ment and university-based research to advance the science of crop breeding and the
availability of new technologies without specific reference to perceived economic
opportunities or market signals. One veteran public-sector participant argued that
such conditions have been important for the ability and inclination of breeders to
undertake research on important innovations which have not been seen in economic
terms at the time research was begun. Not surprisingly, analysis of privately funded
soybean breeding research reflects a different experience. Among these respondents,
financial profitability, either present or potential, was identified as a central determi-
nant in both the existence and the nature of a research effort.
Recognition of sector-based distinctions in research objectives and priorities takes
on additional significance when combined with an appreciation of current trends in
soybean variety development. Data were obtained to examine the evolving partici-
pation of public and private research groups in the development of soybean varieties
in use in Ontario over the study period. Table 3 indicates a marked shift in the role
that the two groups have played in supplying certified varieties for use by Ontario
Table 3
Soybean varieties developed by public and private breeders, 1967–98 (percentages in parentheses)
Number of varieties Public varieties listed Private varieties listedYear
offered per year in field trials in field trials
1967–70 5 5 (100) 0 (0)
1975 10 9 (90) 1 (10)
1980 22 9 (41) 13 (59)
1985 44 12 (27) 32 (73)
1990 78 20 (26) 58 (74)
1995 107 19 (18) 88 (82)
1998 132 13 (10) 119 (90)
Source: Data from Ontario Oil and Protein Seed Crop Committee, 1965–98.
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farmers since 1970. The data suggest a reversal of roles over the period, from a
clear domination of public-sector contributions in the 1970s to a very modest role
by the 1990s.
Legal, institutional and market influences
In addition to the constraints and influences relating to plant science and econom-
ics, there are a range of more subtle legal, institutional and market-related factors
that influence contemporary technology innovation. Insights were obtained on three
broad issues:
1. legal constraints via patents and the ownership of intellectual property;
2. certification standards for variety approval, and
3. niche markets and the emergence of new research enticements.
In Ontario, as elsewhere, increasing concentration of ownership of both genetic
material and biotechnological processes in the hands of private corporations has
resulted in the need for many researchers in both the public and private sectors to
pay for these basic scientific resources for innovation. Thus, in principle, breeders
wishing to participate in the development of new varieties and germplasm are now
obliged to develop agreements with patent owners (Sederoff & Meagher, 1995).
Public breeders especially highlighted concern for this issue and its potentially limit-
ing implications for public (or even broad-based private) research. An even more
fundamental concern relates to access at all, given that this is also controlled by
patent owners. It was suggested, by both public and private breeders, that the concen-
tration of ownership of the basic tools for biotechnological innovation was of some
concern for soybean research in general, and the pursuit of climate-related questions
in particular.
A second set of influences on soybean innovation was linked to the institutions
conducting variety approval and the approval process itself. In Ontario, new varieties
are tested and approved (or rejected) by the Ontario Oil Protein and Seed Crop
Committee based on a two-year evaluation of yield performance across several heat
unit zones in the province. Both public and private breeders felt that the current
approval protocol places overwhelming emphasis on yield performance over a lim-
ited period of evaluation, a strategy that creates a strong impetus for the pursuit of
yield-enhancing (rather than stabilizing) objectives in variety development. For pur-
poses of climate adaptation either now or in the future, the assertion was that current
criteria for variety approval in Ontario effectively limit the range of broadly adapted
varieties in favour of high-yielding ones grown under a narrow range of conditions.
The third group of influences identified by key informants concerned the current
and potential future effect of competing market priorities. These alternative priorities
compete for the attention and financial resources of soybean breeders, and therefore
compete with the impetus for innovation that might be supplied by a variable and
changing climate. Two significant developments were noted. The first concerned the
development of soybean products for a wider range of food and non-food uses. For
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example, efforts are currently under way to change the oil and protein profiles of
Ontario soybeans to make them more suitable for tofu and other soy products in the
Asian market. The second concerned the growing interest in the use of the soybean
as a nutraceutical (a plant with selected human health benefits beyond nutrition). In
Ontario, for instance, researchers are currently investigating the presence of certain
cancer-inhibiting isoflavones in various soybean varieties. The prospect of such
advancements poses a formidable intellectual and economic enticement for an
increasingly large fraction of the research and development community. It is against
such opportunities that the imperative for climate adaptation research will be assess-
ed.
Taken together, the insights from this analysis suggest that the process of inno-
vation is one characterized by multiple interests and agendas, and differentially affec-
ted by a range of influential circumstances originating both within and beyond the
research sector. Notwithstanding evidence of accomplishment in the development of
climate-related innovations for soybean production in Ontario to date, it seems that
there exist a host of factors with distinct potential to divert the attention of crop
breeders and innovators away from the challenge of climate adaptation in plant agri-
culture in Ontario.
Conclusion
This paper has attempted to highlight the central position of technology innovation
in agricultural adaptation. However, in so doing, we have also argued (and in the
case of soybean research in Ontario, demonstrated) that the widely held belief that
technology-based climate innovations in agriculture will flow when needed may need
some rethinking. Seeing the process of technology innovation as a constrained scien-
tific and economic endeavour that is increasingly rooted in institutions introduces
different questions. Thus, the question ‘what seems technologically feasible?’ could,
and probably should, be replaced with a somewhat broader one, namely: ‘Which
adaptations seem likely given the current scientific limits and institutional constraints
on innovation, and the competing influence of various other innovation needs in
agriculture and society?’ The empirical analysis of technological innovations in
Ontario soybeans was undertaken in the spirit of this broader question. While prelimi-
nary in nature, it has provided some basic insights into several of the elements ident-
ified in the early part of the paper. These include the nature of innovation induced
by climate, the comparative role of climate relative to other stimuli as a driver of
agri-technological innovation, and the nature and potential implications of revealed
constraints on the technology innovation process. A range of climatic limitations on
soybean production, both direct and indirect, have indeed been reflected in past
research and innovation development. However, it also points to some gaps and
some cautions for future progress, which have wider relevance for other commodities
and regions.
First, the findings revealed a tendency to engineer for spatial rather than temporal
variability in climate. In the case of heat requirements, new varieties are developed,
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tested and marketed according to their performance under a limited range of con-
ditions across selected regions. However, similar advancements in the development
of broadly adapted varieties (tolerant to yearly variability within regions) were not
revealed for either heat or moisture considerations. While the emphasis on high-
yielding but narrowly adapted varieties has contributed significantly to what is now
a vital and economically important soybean industry in Ontario, such priorities also
have implications for the climate-related vulnerability and riskiness of soybean pro-
duction in Ontario.
The analysis also revealed various controls and constraints on the process of tech-
nology innovation. These relate to both the present limits of knowledge (the chal-
lenge of science) and the broader context for research (the culture for innovation).
With reference to the latter, the analysis confirmed the existence of constraints that
derive from the economics of innovation, institutional arrangements and opportunity
costs. Factors such as reduced investment in public-sector research, the increasing
domination of private-sector multinationals, the granting of patents for intellectual
property, and the allure of new avenues for soybean research and development (for
example, nutraceuticals) call into question both the ability and the inclination of
innovators to direct energies and resources to issues associated with climatic varia-
bility and change. In particular, we suggest that work on the role of institutions as
actors in technology innovation is especially needed.
Finally, the preliminary insights developed in this paper suggest several avenues
that adaptation planners and researchers interested in the promoting technological
innovation for climate adaptation in agriculture could pursue. First, there needs to
be a broad public and institutional commitment to the importance of climate-related
innovation in agriculture, such that climate change is given a place at the research
table. While this commitment may take several forms, public investment in climate-
related technology innovation may be needed to compete with market-driven signals
for other research agendas. Second, potential impediments associated with intellec-
tual property ownership need to be addressed to ensure broad access to the genetic
and technical means for innovation. Third, the supply-side focus adopted in this paper
represents only one part of the technology question. Equally important questions exist
on the demand side. Certainly, the mere existence of innovations does not provide the
certainty of successful adaptation; ultimately this rests on the adoption and successful
implementation of specific strategies. Hence, the process of farm-level adaptation
through innovation adoption forms an important avenue for complementary future
analysis.
References
Bazzaz, F., & Sombroek, W. (1996). Global climate change and agricultural production. Toronto: Food
and Agricultural Organization of the United Nations and John Wiley.
Beversdorf, W. D., Buzzell, R. I., Ablett, G. R., & Voldeng, H. D. (1995). Soybean. In A. E. Slinkard, &
D. R. Knot, Harvest of gold: the history of field crop breeding in Canada. Saskatoon: University
Extension Press, University of Saskatchewan and Hignell Press.
195J. Smithers, A. Blay-Palmer / Applied Geography 21 (2001) 175–197
Blain, R., Keddie, P., & Smit, B. (1995). Corn hybrid selection under variable climatic conditions. Guelph:
Department of Geography, University of Guelph (Occasional Paper No. 22).
Brklacich, M., & Smit, B. (1992). Implications of changes in climatic averages and variability on food
production opportunities in Ontario, Canada. Climatic Change, 20, 1–21.
Brklacich, M., McNabb, D., Bryant, C. R., & Dumanski, J. (1997). Adaptability of agricultural systems
to global climate change: a Renfrew County, Ontario, Canada pilot study. In B. Ilbery, Q. Chiotti, & T.
Rickard, Agricultural restructuring and sustainability (pp. 351–364). Wallingford: CAB International.
Bryant, C. R., Smit, B., Brklacich, M., Johnston, T. R., Smithers, J., Chiotti, Q., & Singh, B. (2000).
Adaptation in Canadian agriculture to climatic variability and change. Climatic Change, 45, 181–201.
Burton, I., Kates, R., & White, G. F. (1993). The environment as hazard (2nd edn.). New York: Guil-
ford Press.
Carter, T. R., Parry, M. L., Harasawa, H., & Nishioka, S. (1994). IPCC technical guidelines for assessing
climate change impacts and adaptations. Geneva: World Meteorological Organization, United Nations
Environment Program.
Chiotti, Q. P., & Johnston, T. (1995). Extending the boundaries of climate change research: a discussion
on agriculture. Journal of Rural Studies, 11(3), 335–350.
Chiotti, Q. P., Johnston, T., Smit, B., & Ebel, B. (1997). Agricultural response to climate change: A
preliminary investigation of farm level adaptation in southern Alberta. In B. Ilbery, Q. Chiotti, & T.
Rickard, Agricultural restructuring and sustainability (pp. 167–183). Wallingford: CAB International.
Council for Agricultural Science and Technology (1992). Preparing U.S. agriculture for global climate
change. Ames, IA: CAST (Report No. 119).
Crosson, P. (1983). A schematic view of resources, technology and environment in agricultural develop-
ment. Agriculture, Ecosystems and Environment, 9, 339–357.
Crosson, P. R., & Rosenberg, N. J. (1989). Strategies for agriculture. Scientific American, September,
128–135.
Day, P. (1995). The impact of patents on plant breeding using biotechnology. In National Agricultural
Biotechnology Council, Report 7. Genes for the future: discovery, ownership, access (pp. 79–85).
Ithaca, NY: National Agricultural Biotechnology Council.
da Mota, F. S. (1978). Soya bean and weather. Geneva: World Meteorological Organization (Technical
Note No. 160).
Dumanski, J., Coote, D. R., Luciuk, G., & Lok, C. (1986). Soil conservation in Canada. Journal of Soil
and Water Conservation, 41, 204–210.
Easterling, W. E. (1996). Adapting North American agriculture to climate change. Agricultural and Forest
Meteorology, 80, 1–53.
Easterling, W. E., Rosenberg, N. J., McKenney, M. S., & Jones, C. A. (1992). An introduction to the
methodology, the region of study, and a historical analog of climate change. Agricultural and Forest
Meteorology, 59, 3–15.
Edwards, C., Grove, T. L., Harwood, R. R., & Pierce-Colfer, C. J. (1993). The role of agroecology and
integrated farming systems in agricultural sustainability. Agriculture, Ecosystems and Environment,
46, 99–121.
Glantz, M. H. (1991). The use of analogies in forecasting ecological and societal responses to global
warming. Environment, 33, 10–15.
Glantz, M. H., & Ausubel, J. H. (1988). Impact assessment by analogy: comparing the impacts of the
Ogallala Aquifer depletion and CO2 induced climate change. In M. H. Glantz, Societal responses to
regional climatic change: forecasting by analogy (pp. 113–142). Boulder, CO: Westview.
Goodman, R. M., Hauptli, H., Crossway, A., & Knauf, V. C. (1987). Gene transfer in crop improvement.
Science, 236, 48–54.
Hayami, Y., & Ruttan, V. W. (1985). Agricultural development: an international perspective. Baltimore,
MD: The Johns Hopkins University Press.
Houghton, J. T., Jenkins, G. J., & Ephrams, J. J. (1990). IPCC scientific assessment of global climate
change. Geneva and Nairobi: World Meteorological Organization and United Nations Environmen-
tal Program.
Joseph, A., & Keddie, P. (1981). The diffusion of grain corn production through southern Ontario, 1946–
1971. Canadian Geographer, 23, 333–349.
196 J. Smithers, A. Blay-Palmer / Applied Geography 21 (2001) 175–197
Kaiser, H. M., Riha, S. J., Wilks, D. S., & Sampath, P. (1993). Adaptations to global climate change at
the farm level. In H. Kaiser, & T. E. Drennen, Agricultural dimensions of global climate change (pp.
136–152). Delray Beach: St Lucie Press.
Klassen, S., & Gilpen, J. (1998). Alberta irrigation in the old and new millennium. Canadian Water
Resources Journal, 24(1), 61–70.
Lewandrowski, J., & Brazee, R. (1992). Government farm programs and climate change: a first look. In
J. Reilly, & M. Anderson, Economic issues in global change, agriculture, forestry and natural
resources (pp. 132–147). Boulder, CO: Westview.
Linstone, H. (1997). Technology and governance: an introduction. Technological Forecasting and Social
Change, 54, 1–10.
Major, D. J., Morrison, R. J., Blackshaw, R. E., & Roth, B. T. (1991). Agronomy of dryland corn pro-
duction at the northern fringe of the Great Plains. Journal of Production Agriculture, 4 (4), 606–613.
Nellis, M. D. (1987). Land-use adjustments to aquifer depletion in Western Kansas. In C. Cocklin, B.
Smit, & T. Johnston, Demands on rural land: planning for resource use (pp. 71–84). Boulder, CO:
Westview.
Ontario Soybean Growers’ Marketing Board (1988–1999). Annual Reports. Chatham, Ontario: OSGMB.
Ontario Soybean Growers’ Marketing Board (1998). Soybean variety distributors. Chatham, Ontario:
OSGMB.
Parry, M. L., & Carter, T. R. (1988). The assessment of effects of climate variations on agriculture: aims,
methods and summary of results. In M. L. Parry, T. R. Carter, & N. T. Konijn, The impacts of climate
variations on agriculture, Vol. 1. Dordrecht: Reidel.
Reilly, J. M., & Fuglie, K. O. (1998). Future yield growth in field crops: what evidence exists? Soil and
Tillage Research, 47, 275–290.
Rosenberg, N. J. (1981). Technologies and strategies in weatherproofing crop production. In L. E. Slater, &
S. K. Levins, Climate’s impact on food supplies: strategies and technologies for climate-defensive
food production (pp. 157–180). Boulder, CO: Westview.
Rosenberg, N. J. (1982). The increasing CO2 concentration in the atmosphere and its implication for
agricultural productivity, Part II: effects through CO2-induced climatic change. Climatic Change, 4,
239–254.
Rosenberg, N. J. (1992). Adaptation of agriculture to climate change. Climatic Change, 21, 385–405.
Rosenberg, N. J., & Crosson, P. R. (1991). Adapting to climate change. Resources for the Future, 103,
17–20.
Rosenberg, N. J., Crosson, P. R., Frederick, K. D., Easterling, W. E., McKenney, M. S., Bowes, M. D.,
Sedjo, R. A., Darmstadter, J., Katz, L. A., & Lemon, K. M. (1993). The Mink methodology: back-
ground and baseline. Climatic Change, 24, 7–22.
Rosenzweig, C., & Parry, M. L. (1994). Potential impact of climate change on world food supply. Nature,
367, 133–138.
Ruttan, V. W. (1996). Research to achieve sustainable growth in agricultural production into the 21st
century. Canadian Journal of Plant Pathology, 18, 123–132.
Schweger, C., & Hooey, C. (1991). Climate change and the future of prairie agriculture. In J. Martin,
Alternative futures for Prairie agricultural communities (pp. 1–36). Edmonton: University of Alberta.
Sederoff, R., & Meagher, L. (1995). Access to intellectual property in biotechnology: constraints on the
research enterprise. In National Agricultural Biotechnology Council, Report 7. Genes for the future:
discovery, ownership, access (pp. 71–78). Ithaca, NY: National Agricultural Biotechnology Council.
Smit, B. (1993). Adaptation to climatic variability and change: report of the Task Force on Climate
Adaptation. Guelph: Department of Geography, University of Guelph (Occasional Paper No. 19, pre-
pared for the Canadian Climate Program).
Smit, B., Blain, R., & Keddie, P. (1997). Corn hybrid selection and climatic variability: gambling with
nature? The Canadian Geographer, 42(1), 429–438.
Smit, B., Burton, I. Klein, R. J. T., & Street. R. (1999). The science of adoption: a framework for
assessment. Mitigation and adaptation strategies for global change (forthcoming).
Smit, B., Burton, I., Klein, R. J. T., & Wandel, J. (2000). An anatomy of adaptation to climate change
and variability. Climatic Change, 45, 223–251.
Smithers, J., & Smit, B. (1997a). Agricultural system response to environmental stress. In B. Ilbery, Q.
197J. Smithers, A. Blay-Palmer / Applied Geography 21 (2001) 175–197
Chiotti, & T. Rickard, Agricultural restructuring and sustainability: a geographical perspective (pp.
167–183). Wallingford: CAB International.
Smithers, J., & Smit, B. (1997b). Human adaptation to climatic variability and change. Global Environ-
mental Change, 7(2), 129–146.
Spaling, H. (1995). Analysing cumulative environmental effects of agricultural land drainage in Southern
Ontario, Canada. Agriculture, Ecosystems and Environment, 53, 279–292.
Spedding, C. R. (1996). Agriculture and the citizen. London: Chapman and Hall.
USDA (1990). The second appraisal. Washington, DC: United States Department of Agriculture
(Miscellaneous Publication No 1482).
Warrick, R. A. (1980). Drought in the Great Plains: a case study of research on climate and society in
the U.S.A. In J. Ausubel, & A. K. Biswas, Climatic constraints and human activities (pp. 93–123).
New York: Pergamon.
White, S. E. (1994). Ogallala oasis: Water use, population redistribution, and policy implications in the
high plains of Western Kansas, 1980–1990. Annals of the Association of American Geographers,
84(1), 29–45.
